Abstract-In this paper, a dual-band antenna in orthogonal polarization with stacked configuration is proposed. The proposed antenna introduces two layers of radiating patches to realize the dual frequency characteristic. A pair of novel 180 • broadband microstrip baluns, printed on the backside of the bottom substrate, are utilized to feed the antenna. By employing wideband feeding mechanisms for the two input ports, high input port isolation and wide impedance bandwidth are successfully realized. The proposed antenna is fabricated and measured. It exhibits a characteristic of two resonant frequencies. The lower band f 1 is from 2.75 to 4.01 GHz with a relative bandwidth of 37.3% and over 8.1 dBi gain at two ports, and the upper band f 2 is from 4.4 to 5.21 GHz with a relative bandwidth of 16.9% and over 5.8 dBi gain at two ports. The port isolation is below −35 dB, and the cross-polarization level is below −20 dB at broadside across the whole band.
wider impedance bandwidth than the antenna in [1] [2] [3] [4] [5] . Meanwhile, a lot of dual-polarized antennas with different feeding network mechanisms were designed in past research [7] [8] [9] [10] [11] [12] [13] . In general, the method to achieve dual polarizations is divided into two aspects: one is feeding network type, and the other is radiating structure type. Feeding network is one of the most important parts in wideband dual-polarized patch antenna designs. The first one is using flexible coaxial cables, such as bow-tie shaped probes, perpendicular L-shaped probes, and F-shaped probes. In [7] , the proposed antenna adopts two pairs of Γ-shaped probes, and a new feeding structure is adopted with the use of parallel strip line baluns to achieve wide working band. The measured results have shown that a relative impedance bandwidths of 41.7% is achieved with −20 dB cross polarization and −30 dB port isolation. However, the antenna consists of three horizontal substrates and two vertical substrates. The complicated structure and high profile of the antenna may limit its applications. The design in [8] achieves high port isolation and broad frequency band by applying a wide meandering M-probe and a pair of twin-L-probes, but its radiation patterns of two ports are not symmetric. A broadband dual-polarized F-probe fed stacked patch antenna is measured in [9] , and the measured result reveals that the proposed antenna with a 45% relative bandwidth and high isolation is suitable for base stations applications. Nevertheless, the large dimension and high profile are the defects that cannot be ignored. The second approach is using different types of feeding network to excite the antenna [10] [11] [12] [13] . A dual-polarization slot antenna with an impedance bandwidth of 55.9%, low profile and high isolation by using microstrip line balun feed was presented in [10] . In [14] [15] [16] , three dual-band dual-polarized (DBDP) antennas were also presented, but the bandwidths of these antennas are too narrow (< 16%) to apply in wideband wireless communication systems.
In this paper, a dual-band dual-polarized stacked patch antenna is proposed by employing four straight probes for orthogonal polarization. The antenna is designed based on a typical dual-band stacked patch antenna that consists of two square radiating patches. Considering the bandwidth requirements, two novel 180 • broadband baluns are proposed to achieve orthogonal polarization and wide impedance bandwidth. To decrease the coupling between the patch and the feeding network, the balun is printed on the opposite side of the ground plane to the patches. In comparison with the reported designs, the proposed antenna, by achieving dual bands, dual polarizations, high isolation, and low cross polarization simultaneously, is more suitable for WiMAX and WLAN application. This paper is organized as follows. In Section 2, the basic structure of the proposed antenna and broadband balun are described. The detailed design process of the proposed antenna and structure analysis are given in Section 3. The comparison of simulated and experiment results is illustrated in Section 4, followed by the conclusions presented in Section 5.
ANTENNA DESIGN PROCEDURES
Based on the aforementioned analysis, the design procedure of the proposed antenna can be summarized as the following steps. First of all, the stacked patch can realize dual-band operation, and the dual-layer structure offsets the defect of microstrip patch antenna narrow bandwidth to some extent. So, stacked substrate with two-layer radiating patch is introduced in the proposed antenna to realize dual-band characteristic. Then, flexible coaxial probes can enhance the bandwidth of patch antennas, but the effective heights of these patch antennas are higher than 18 mm, and the performance of single band will partly restrict their applications. So four straight probes are used to excite the antenna, and no air layer is introduced. Finally, for the purpose of taking greater bandwidth, taking higher isolation and the characteristic of dual polarizations into consideration at the same time, broadband balun feeding network is introduced for dual-band dual-polarized antenna design.
The proposed antenna has the following specifications:
1) Operation frequency range is 2750-4010 MHz and 4400-5210 MHz.
2) It is easy for a symmetrical stacked structure to achieve the characteristics of dual polarizations and symmetric radiating patterns. 3) Broadband balun delivers both equal amplitude power division and consistent 180 • (±5 • ) phase shifting over a wideband. Figure 1 shows the geometry of the proposed antenna whose detailed dimensions are described in Table 1 In order to increase the antenna gain without increasing the height of the antenna, we introduce a substrate-integrated waveguide (SIW) structure whose working mechanism is similar to the rectangular cavity-shaped reflector in [17] . SIWs are an integrated waveguide like structure fabricated by using conducting cylinders conforming the rule in [18] , and the conducting cylinders are embedded in a dielectric substrate. As described in Fig. 1 , a series of metallized holes are embedded in substrates 1 and 2, respectively, and the metallized holes tightly surround the periphery of the dielectric substrate. In order to ensure that the metallized holes in substrates 1 and 2 are fully in contact and energized, rectangular conductive strips with the width of 4 mm are etched around the metallized holes. When Table 1 . Dimensions for the proposed dual-band dual-polarized antenna. 2 5 9 the current flows through the metallized holes, the metallized holes periodically arranged form a closed electromagnetic wall, and the wall has gain-increasing characteristics similar to the classical rectangular cavity-shaped reflector.
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180 • Broadband Balun Design
The proposed balun structure comprises a Wilkinson power divider cascaded by a non-coupled-line broad-band 180 • phase shifter as shown in Fig. 2 (a). When the original signal is split into two ways, they pass through the two paths of the 180 • phase shifter to obtain a stable phase shifting, and the balun can operate across a reasonably broad band. As a design guideline, formulas (1)- (5) are presented for the balun design in a general way, where Z a and Z b stand for the input and output port impedances of the balun, respectively; Z 1 stands for the characteristic impedance of the quarter wavelength microstriplines in the power divider, Z 2 stands for the characteristic impedance of the shunted open and the short circuit λ/8 microstrip-lines used in the phase shifter; Z 3 stands for the characteristic impedance of the main microstrip-line; Z 4 stands for the characteristic impedance of the reference line. Here, it should be mentioned that for Eqs. (3)- (4), we refer to [19] to get the optimized coefficients 1.27 and 1.61. Usually, the input impedance of the antenna and the output impedance of microstrip balun are 50 Ω to achieve a matching condition, and the proposed balun is designed to output signals with equal amplitude. Therefore, the input impedance Z a and output impedance Z b of the microstrip balun are both set to 50 Ω. . Two 50-Ω SMA connectors were also used at the feed below the ground, and two 100-Ω surface mount chip resistors were employed at the balun. For the horizontal polarization (port 1), the first broadband balun is to supply probe A and probe B with wideband out-of-phase excitation. Similarly, for the vertical polarization (port 2), the second 180 • broadband balun is to supply probe C and probe D with wideband out-of-phase excitation. The simulated S-parameters and phase differences of the designed balun are shown in Fig. 3 , and it can be seen that the broadband balun delivers both equal amplitude power division and consistent 180 • (±5 • ) phase shifting over a wideband. As two baluns have the same design mechanism and dimensions, their simulation results also have great similarities. So we only show one of the simulation results for clarity.
ANALYSIS OF ANTENNA DESIGN
In order to explain the design process of the proposed antenna, three prototypes are illustrated in Fig. 4 . Ant. 1 is a stacked DBDP patch antenna. Ant. 2 is designed by introducing an SIW structure. On the basis of Ant. 2, Ant. 3 is designed as the proposed antenna by etching eight rectangle slots on patch 1 to improve the impedance bandwidth. All the antennas are analyzed by ANSYS HFSS based on the finite-element method. It is worth to note that these antennas are composed of three substrates, and in order to ensure the rigor of the result comparison, all three antennas are excited by port 1. The corresponding simulated S-parameters and gain are shown in Fig. 5 . In Fig. 5(a) , it can be seen that Ant. 1 has two frequency bands with a low frequency band ranging from 3 GHz to 3.95 GHz and a high frequency band ranging from 4.52 GHz to 5.32 GHz. The gain of Ant. 1 is also shown in Fig. 5(d) . However, the simulated results illustrate that the gain decreases dramatically in the upper band, and they are much lower at the frequency of 5 GHz. To solve the problem of low gain, we present Ant. 2 introducing the SIW structure. It can be observed from Meanwhile, the effect of SIW structure is not significant on the reflection coefficient of Ant. 1. To achieve a wider impedance bandwidth, a pair of parallel rectangle slots is etched perpendicularly on each edge of the square radiating patch 1 in Ant. 3. By comparing the return loss curves of Ant. 2 and Ant. 3 in two input ports, it can be obtained that a new resonance occurs at a lower frequency of 2.95 GHz. This can be contributed to the rectangle slots that have extended the current path. As shown in Fig. 5(a) , the simulated reflection coefficient of Ant. 3 in port 1 is less than −10 dB in the frequency range from 2.85 GHz to 4.02 GHz. In other words, the fractional bandwidth is about 34.1%. Fig. 6 . It can be concluded that port 1 excites same amplitude and out of phase currents along the y-axis on two radiating patches, and port 2 excites same amplitude and out of phase currents along the x-axis because of the symmetric layout and broadband balun. The horizontal or vertical polarization of two patches is created independently by port 1 or 2.
FABRICATION AND MEASUREMENT RESULTS
The fabricated prototype of the proposed antenna is illustrated in Fig. 7 , and its measured results of S-parameters (S 11 , S 22 , S 21 ), antenna gain, antenna efficiency and far-field radiation pattern were obtained by an Agilent N5230A network analyzer and a Satimo Starlab near-field measurement system. Figure 8 shows the measured and simulated reflection coefficients of the proposed antenna at port 1 and port 2. As shown in the reflection coefficient curves, the antenna exhibits wide impedance bandwidth at two ports. The measured impedance bandwidth (return loss > 10 dB) of lower band f 1 is 1310 MHz (2.7-4.01 GHz) at port 1 and 1280 MHz (2.75-4.03 GHz) at port 2, respectively, which meet the bandwidth requirement frequency across the entire impedance bandwidth (2.7-5.3 GHz) is more than 35 dB. Especially, the isolation can reach more than 38 dB when the proposed antenna works in the upper band f 2 .
S-Parameter

Gain
The gain characteristic of the proposed antenna is illustrated in Fig. 9 . The antenna gain fluctuates within corresponding impedance bandwidth. At port 1, the measured gain of lower band f 1 fluctuates from 3 dBi to 8.3 dBi. Meanwhile, gain of the upper band f 2 is also shown in Fig. 9 with fluctuation range from 2.6 dBi to 6 dBi. Simultaneously, the measured gain at port 2 is also shown in Fig. 9 . It can be observed that gain of the lower band f 1 fluctuates from 3.1 dBi to 8.1 dBi, and the gain of upper band f 2 fluctuates from 2 dBi to 5.8 dBi.
In comparison, the measured gain of the proposed antenna excited by port 1 is similar to the measured gain at port 2. On the other hand, measured average gains of f 1 and f 2 are 6.6 and 4.9 dBi at port 1, respectively, with the corresponding peak gains of 8.3 and 6 dBi at 3.3 and 5.02 GHz. When the antenna is excited by port 2, measured average gains of f 1 and f 2 are 6.3 and 4.2 dBi, respectively, with the corresponding peak gains of 8.1 and 5.8 dBi at 3.3 and 5.02 GHz. However, compared with the simulated gain in two ports, the measured gain of the proposed antenna is reduced by approximately 1.7 dB as shown in Table 2 . Such large reduction of the gain is mainly due to the dielectric loss of F4B substrates and the inevitable loss during the process of antenna fabrication. The microstrip balun and resistance are also not negligible. In the process of testing, the loss of the microstrip line and the internal resistance of the resistor consume too much energy, causing the measured gain less than the simulated gain. Figure 10 illustrates the simulated and measured efficiencies of the proposed antenna. It can be observed that the measured efficiency of the proposed antenna is between 50-78%, lower than the simulated one. The low efficiency may come from the feeding network, the high dielectric loss of FR4 substrate and the resistor of the broadband balun. 
Radiation Efficiency
Radiation Patterns
The horizontal and vertical plane radiation patterns of ports 1 and 2 within the operation bandwidth (2.75-4.01 GHz, 4.4-5.21 GHz) are measured and presented in Fig. 11 . For comparison, simulated radiation patterns of port 1 and port 2 in the two planes are also shown in Fig. 11 . While measuring radiation patterns at one port, another port is terminated by a 50 load. It can be observed from Fig. 11 that there is a good agreement between simulated and measured results, and the radiation patterns have good identity and higher than 20 dB cross-polarization suppression in the main beam, when port 1 is excited. When measuring the radiation patterns at port 2, port 1 is terminated by a 50 load. The simulated and measured radiation patterns are also shown in Fig. 11 . Good cross-polarization level lower than 20 dB in the direction perpendicular to the antenna is the same as the radiation patterns of port 1, and the measured patterns of port 2 are basically consistent with the simulated results. The comparison between simulated and measured radiating patterns in two ports reveals that the proposed antenna works efficiently in both horizontal and vertical polarizations. However, the measured cross polarization has a difference from the simulated one. This discrepancy of the radiating patterns should be caused by two reasons. One is the inevitably introduced air layer when three substrates are combined by plastic screws, and the other reason is the experiment tolerance.
Comparison
The measured characteristics of the proposed antenna are compared with previous works in Table 3 . We can find that the proposed antenna in this paper has the characteristics of dual frequencies, dual polarizations, wide impedance bandwidth, high isolation, and low cross polarization. λ0 is the wavelength at the center frequency of the lower working band. NG: not given.
CONCLUSION
A broadband dual-band dual-polarized patch antenna covering the WiMAX and WLAN bands is developed. The proposed antenna consists of three-layer substrates fed by a broadband balun feeding network for 37.3% and 16.9% relative bandwidths. The stacked layout, broadband balun, rectangle slot and capacitive washer are adopted to enhance the bandwidth. A balanced feeding with 180 phase shifts is also used to realize the high isolation about 35 dB, high cross-polarization suppression up to 20 dB at broadside and the characteristic of dual polarizations. The proposed antenna can be used in wireless communication such as WiMAX and WLAN.
